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SUMMARY 

Current  carbon-13 n u c l e a r  magnetic'  resonance  (CI3 NMR) s t u d i e s  of  c o a l ,  c o a l  
d e r i v a t i v e s ,  and r e l a t e d  m a t e r i a l s  a r e  p r e s e n t e d  and discus 'sed.  
p u l s e d  NMR techniques  have been a p p l i e d  t o  a few s o l i d  m a t e r i a l s  i s o t o p i c a l l y  
enr iched  i n  carbon-13,  w h i l e  h i g h - r e s o l u t i o n  N h  s t u d i e s  of  a wide  v a r i e t y  o f  pure 
compounds and s e v e r a l  c o a l  d e r i v a t i v e s  have  been c a r r i e d  o u t .  The former t e c h n i -  
ques a r e  used  t o  d e r i v e  s ec t r a l  second moments and n u c l e a r  magnet ic  r e l a x a t i o n  
t i m e s .  
q u a n t i t a t i v e  d e t e r m i n a t i o n  o f  t h e  a r o m a t i c i t y  ( f a )  o f  s o l u b l e  p r o d u c t s  from c o a l .  
Values  of f a  f o r  1 i g h t . o i l s  from c o a l  and l i g n i t e  and f o r  a carbon d i s u l f i d e  
e x t r a c t  of c o a l  have been e s t i m a t e d  from t h e i r  C13  NMR s p e c t r a .  

Broadl ine  and 

H i g h - r e s o l u t i o n  Cp3 NMR i s  p o t e n t i a l l y  a powerful  t o o l  f o r  t h e  d i r e c t  

INTRODUCTION 

Since  t h e  f i r s t  publ i shed  r e p o r t  o f  s u c c e s s f u l  NMR measurements of t h e  hydro- 
gen d i s t r i b u t i o n  i n  a c o a l  d e r i v a t i v e '  and t h e  f i r s t  d e t e r m i n a t i o n  of a h igh-  
r e s o l u t i o n  spectrum o f  a c o a l  e x t r a c t z ,  p r o t o n  .magnetic resonance spec t romet ry  
has  been used by many a u t h o r s 3  t o  a i d  i n  t h e  e l u c i d a t i o n  of  t h e  s t r u c t u r e  o f  c o a l .  
Erown and Ladner4 developed a method f o r  a p p l y i n g  t h e  hydrogen d i s t r i b u t i o n  d a t a  
t o  t h e  a n a l y s i s  o f  carbon s t r u c t u r e ,  w i t h  p a r t i c u l a r  emphasis on e s t i m a t i n g  t h r e e  
impor tan t  s t r u c t u r a l  parameters :  f a ,  t h e  a r o m a t i c i t y ;  u ,  t h e  d e g r e e  of  a romat ic  
s u b s t i t u t i o n ;  and H a r u / C a r ,  a n  i n d i c a t i o n  o f  t h e  s i z e  of t h e  condensed aromat ic  ' . ' 

r i n g  system. 
r e a l i s t i c  l i m i t i n g  v a l u e s  can be p laced  on t h e  l a t te r  two parameters .  

C13 NMR o f f e r s  a method by which fa  c a n  be measured d i r e c t l y  and 

Broadl ine  NMR, f i r s t  observed f o r  t h e  p r o t o n s  i n  c o a l  by Newman, P r a t t ,  and 
Richards5 ,  i s  a means of de te rmining  second moments and m a y ' f o r  very  s imple  mole- 
c u l e s  g i v e  informat ion  on hydrogen-hydrogen d i s t a n c e s .  Values of v a r i o u s  param- 
e t e r s  f o r  t h e  mean s t r u c t u r a l  u n i t s l $ n  c o a l s  have been e s t i m a t e d  from experiment-  
a l l y  determined second momentse3 C NMR h a s  been d e t e c t e d  i n  n a t u r a l  abundance 
f o r  o n l y  a few s o l i d  s u b s t a n c e s ;  the p r i n c i p a l  i n v e s t i g a t o r s  b e i n g  Lauterbur6 ,  and 
Davis and Kurland7.  
by Abragam8 u s i n g  the  method of  .Overhauser  dynamic p o l a r i z a t i o n .  An a t t e m p t  t o  

S o l i d  s ta te  
CI3 NMR s t u d i e s  of CL3 e n r i c h e d  m a t e r i a l s  may g i v e  i n f o r m a t i o n  on carbon-carbon 

) 

O b s e r v a t i o n  o f  t h e  C I 3  resonance i n  g r a p h i t e  h a s  been repor ted  

1 f ind  t h e  C L 3  resonance  i n  s y n t h e t i c  diamond proved u n s u c c e s s f u l 9 .  

, h  
~ , o r  carbon-hydrogen bond dis tances 'O.  

No measurements of  r e l a x a t i o n  t imes  f o r  n u c l e i  i n  c o a l  have been r e p o r t e d  i n  
t h e  l i t e r a t u r e  t o  d a t e  and C I 3  n u c l e a r  r e l a x a t i o n  t i m e s  have been  r e p o r t e d  f o r  
o n l y  two s u b s t a n c e s  c o n t a i n i n g  n a t u r a l l y  o c c u r r i n g  carbon-1311. P r e l i m i n a r y  
measurements of p r o t o n  r e l a x a t i o n  t imes i n  a bi tuminous c o a l  and c13 r e l a x a t i o n  
t imes  i n  a few i s o t o p i c a l l y  e n r i c h e d  m a t e r i a l s  were c a r r i e d  o u t  under  Bureau 
s u p e r v i s i o n  d u r i n g  t h e  c o u r s e  of  t h i s  i n v e s t i g a t i o n .  
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EXPERWITl'AL 

The h i g h - r e s o l u t i o n  C I 3  NMR s p e c t r a  obta ined  d u r i n g  t h e  course  o f  t h i s  inves-  
t i g a t i o n  were of two t y p e s .  Rapid passage d i s p e r s i o n  mode C13 s p e c t r a  were ob- 
t a i n e d  u s i n g  a Var ian  A s s o c i a t e s  V-43OOC h i g h - r e s o l u t i o n  NMR spec t rometer  o p e r -  
a t i n g  a t  15.085 MHz. 
t i n u o u s  b a s e l i n e , ' a n d  peak shapes and i n t e n s i t i e s  a r e  dependent  upon t h e  d i r e c -  
t i o n  o f  magnet ic  f i e l d  sweep. Thus,  s p e c t r a  are p r e s e n t e d  i n  p a i r s  w i t h  t h e  
spectrum obta ined  w h i l e  sweeping t h e  a p p l i e d  magnet ic  f i e l d  from low t o  high 
va lues  being a t  t h e  top of  each f i g u r e .  Q u a n t i t a t i v e  e s t i m a t e s  of f were d e t e r -  
mined by t h e  method o f  F r i e d e l  and Retcofsky12.  
C L 3  s p e c t r a  were k i n d l y  provided by E. G .  Cummins of  Perkin-Elmer,  Ltd. ,  and were 
obta ined  u s i n g  a n  R-10  s p e c t r o m e t e r .  Values  o f  f were determined d i r e c t l y  from 
e l e c t r o n i c  i n t e g r a t i o n  o f  t h e  s p e c t r a .  

These s p e c t r a  e x h i b i t  asymmetric peaks ,  do not  have a con- 

Time-averaged absor:tion mode 

Broadl ine  C I 3  NMR s p e c t r a  were a l s o  o b t a i n e d  on t h e  Var i an  ins t rument  men- 
t i o n e d  above. The modulat ion and d e t e c t i o n  systems used f o r  t h e  b r o a d l i n e  
s t u d i e s  were components of  a Var i an  V-4500 e l e c t r o n  paramagnet ic  resonance spec-  
t rometer .  

C I 3  magnetic r e l a x a t i o n  t i m e s  were measured from o s c i l l o g r a p h i c  r e c o r d i n g s  
of  f r e e  i n d u c t i o n  decay c u r v e s  ( f o r  T2) and of t h e  NMR s i g n a l  ampl i tude  fo l lowing  
18Oo-9O0 p u l s e  sequences ( f o r  Ti). T h i s  work was gene rous ly  performed f o r  u s  by 
NMFt S p e c i a l t i e s ,  I n c . ,  u s i n g  t h e i r  PS-60-A pulsed  spec t rometer  system. 

RESULTS AND DISCUSSION 

High-Resolut ion S t u d i e s  

Rapid passage d i s p e r s i o n  mode s p e c t r a  of n e u t r a l  o i l s  from c o a l  and l i g n i t e  
a r e  shown i n  f i g u r e s  1 and 2 r e s p e c t i v e l y .  The s i g n a l - t o - n o i s e  r a t i o ,  a l though 
n o t  h igh  and c e r t a i n l y  an impor tan t  l i m i t i n g  f a c t o r  i n  a c c u r a t e  d e t e r m i n a t i o n s  
o f  f i s  remarkably good c o n s i d e r i n g  t h e  low n a t u r a l  abundance o f  C13, and t h e  
compf ix i ty  of t h e  c o a l  d e r i v a t i v e s .  The h i g h e r  a r o m a t i c i t y  of t h e  o i l  from high-  
tempera ture  c r a c k i n g  of  t h e  c o a l  c a r b o n i z a t i o n  product  i s  r e a d i l y  apparent  from 
t h e  s p e c t r a .  A r o m a t i c i t i e s  f o r  t h r e e  n e u t r a l  o i l s  were e s t i m a t e d  u s i n g  t h e  c a l i -  
b r a t i o n  procedures  r e p o r t e d  p r e v i o u s l y .  The r e s u l t s  a r e  g iven  i n  t h e  t a b l e  below 
and compared w i t h  f a ' s  e s t i m a t e d  from p r o t o n  NMR d a t a  by t h e  Brown and Ladner4 
method. 
c o a l )  areshown i n  f i g u r e  3. The s i g n a l - t o - n o i s e  r a t i o  h e r e  i s  c o n s i d e r a b l y  worse 

S p e c t r a  o f  a CS2 e x t r a c t  of c o a l  ( r e p r e s e n t i n g  3% t o  5% of  t h e  whole 

due t o  t h e  presence  o f  a l a r g e  amount of  t h e  CS2 s o l v e n t .  
mined from C I 3  NKR is  0.6. 

A r o m a t i c i t i e s  of N e u t r a l  O i l s  

Source C/H 

800" C c r a c k i n g  of a h igh - t empera tu re  
c o a l  c a r b o n i z a t i o n  product  1.05 

700" C c r a c k i n g  of a low-temperature  
c o a l  c a r b o n i z a t i o n  product  ' '0 .86 

' 

D i s t i l l a t i o n  of a l i g n i t e  c a r b o n i z a t i o n  
product  0.64 

The f a  v a l u e  d e t e r -  

H L  

0.83 

0.68 

0.38 

fa  
c13 

0.78 

0.70 

0.39 
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1i;Lire 1. :13 magnetic resonance spectra of neutral oil from 8OO0C 
cricking of condensed tar from High Splint Coal. 

1. ::g,re 2 .  c13 magnetic resonance spectra of n e u t r a  o i l  from 
distillation of  Sandow Lignite T a r .  
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Figure 3. C" magnetic resonance spectra of carbon disulfide extract 
of Pittsburgh Seam Vitrain. 
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Figure 4. Absorption mode $3 magnetic resonance spectrum of coal tar. 
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The d i s a d v a n t a g e s  i n  t r y i n g  t o  o b t a i n  q u a n t i t a t i v e  v a l u e s  of f a  from r a p i d  

N e v e r t h e l e s s  it must be remembered t h a t  
passage  d i s p e r s i o n  mode C I 3  spectra a r e  obvious  from f i g u r e s  1 and 2 and have been 
i n d i c a t e d  i n  t h e  foregoing  d i s c u s s i o n .  
t h i s  i s  the f i r s t  d i r e c t  method f o r  de te rmining  t h i s  h e r e t o f o r e  very  e l u s i v e  s t r u c -  
t u r a l  parameter .  With t h e  advent  of  t h e  t ime-averaging  computer and i t s  success-  
f u l  a p p l i c a t i o n  i n  NMR exper iments ,  t h e  t i m e  i s  now h e r e  t h a t  h i g h l y  
reasonably  a c c u r a t e  f a  v a l u e s  can he o b t a i n e d  from a b s o r p t i o n  mode C I g  NMR s p e c t r a .  
That  i s ,  s p e c t r a  can be o b t a i n e d  .under c o n d i t i o n s  s i m i l a r  t o  t h o s e  used i n  pro ton  
LNZ. Such a spectrum o b t a i n e d  from n e a r l y  1,000 s c a n s  o f  t h e  C I 3  s p e c t r a l  
reg ion  i s  shown i n  f i g u r e  4 f o r  t h e  CS2-soluble  material  of  c o a l  t a r .  
va lue  can  be g o t t e n  d i r e c t l y  from t h e  i n t e g r a l  reproduced a l o n g  w i t h  t h e  spectrum. 
The p o t e n t i a l  of t h i s  technique  i n  c o a l  s t r u c t u r e  r e s e a r c h  i s  a n  e x c i t i n g  one and 
::ill be pursued i n  o u r  l a b o r a t o r y .  

broad 1 i n e  WIR 

r e c i s e  and 

The f a  

'The  C L 3  NMR spectrum o f  . a n  i s o t o p i c a l l y  e n r i c h e d  amorphous carbon produced 
by tile 1000" C r e d u c t i o n  of  C1302 i s  shown, in  f i g u r e  5 .  
handdrat.:n u s i n g  6 a c t u a l  s p e c t r a  a s  g u i d e s .  
c e n t .  The peak t o  peak l i n e w i d t h  i s  5 . 2  gauss  and t h e  second moment was measured 
t o  be 6 . 0  g u a s s 2 .  
found f o r  barium c a r b o n a t e  (around 1 .O  gauss)  i n  which d i p o l e - d i p o l e  i n t e r a c t i o n s  
a r e  e s s e n t i a l l y  n e g l i g i b l e  and t h e  wid th  i s  determined p r i m a r i l y  by t h e  chemical  
s h i f t  an iso t ropy '  o f  t h e  carbonate  an ion .  

Pulsed XNR 

The spec t rum shown i s  
I s o t o p i c  enr ichment  i s  afound 55 per -  

The s p e c t r a l  l i n e w i d t h  of t h e  carbon can be compared t o  t h a t  

Tile CL3 e n r i c h e d  carbon was a l s o  examined by pulsed  NMR t e c h n i q u e s .  Room 
tempera ture  measurements of t h e  s p i n - l a t t i c e  r e l a x a t i o n  t i m e  (T1) and t h e  s p i n -  
s p i n  r e l a x a t i o n  time (T2) y i e l d e d  t h e  v a l u e s  360 m i l l i s e c o n d s  and 80 micro-  
seccnds r e s p e c t i v e l y .  The f r e e  p r e c e s s i o n  decay  curve i s  shown i n  f i g u r e  6 .  One 
impor tan t  c o n c l u s i o n  t h a t  c a n  be made from t h e s e  measurements i s  t h a t  t h e  t r a n s -  
m i t t e r  power Level used f o r  o b t a i n i n g  t h e  b r o a d l i n e  NMR spectrum w a s  low enough to  
avoid s a t u r a t i o n .  Thus t r u e  l i n e  shapes a r e  observed .  
!le 2 7  seconds and 13 seconds r e s p e c t i v e l y  f o r  t h e  carbonyl  carbon i n  55% CI3 en-  
r i c h e d  l i q u i d  a c e t i c  a c i d .  
c a r t o n  c o a l  a r e  50 microseconds (T1) and 9 microseconds (T2). 

TI and T2 were found t o  

I n  c o n t r a s t  t h e  pro ton  r e l a x a t i o n  t i m e s  i n  a n  84% 

CONCLUSIONS 

The  carbon-13 NMR r e s u l t s  d e s c r i b e d  h e r e  i l l u s t r a t e  t h e  f i r s t  a p p l i c a t i o n  
o f  t h e  technique  t o  c.oal d e r i v a t i v e s .  The p o t e n t i a l  o f  t h e  t e c h n i q u e s  d e s c r i b e d  
i s  n e a r l y  u n l i m i t e d  and p o s s i b l y  much more i n f o r m a t i o n  t h a n  t h a t  d e s c r i b e d  h e r e  
v i 1 1  be obta ined .  
t h e  c h a r a c t e r i z a t i o n  of carbonyl  groups.  Such groups a r e  thought  t o  be 
p r e s e n t  i n  c o a l .  The most r e c e n t  exper imenta l  t e c h n i q u e s  involve  t h e  use  of 
time averaging  computers ,  i n s t r u m e n t s  which a r e  a t  t h i s  time beginning  t o  appear  
on  t h e  work bench of  many i n d u s t r i a l ,  government, and academic r e s e a r c h  l a b o r a -  
t o r i e s .  
i n  t h e  accumulat ion o f  - s p e c t r a l  d a t a .  
a p y l i e d  a s  NMR of  o t h e r  n u c l e i  such a s  Hl and F19, t h e  i n f o r m a t i o n  o b t a i n e d  from 
C NMR may be much, much more impor tan t .  

F o r  example, C I 3  h a s  been shown t o  b e  a v e r y  u s e f u l  t o o l  f o r  

The main d i s a d v a n t a g e  t o  C13 NMR spec t roscopy i s  t h e  l o n g  times involved 
Thus,  a.l.though i t  may n o t  become a s  widely 



7ig-t j. C I 3  magnetic resonance spectrum of a m o ~ h ~ u s  carbon. 
(55$ enriched i n  carbon-13) 

Figure 6. Free induction decay curves f o r  amorphous carbon. 
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